The impact of anthropogenic forcing on the summertime austral circulation is assessed across three climate model datasets: the Chemistry-Climate Model Validation activity 2 and phases 3 and 5 of the Coupled Model Intercomparison Project. Changes in stratospheric ozone and greenhouse gases impact the Southern Hemisphere in this season, and a simple framework based on temperature trends in the lower polar stratosphere and upper tropical troposphere is developed to separate their effects. It suggests that shifts in the jet stream and Hadley cell are driven by changes in the upper-troposphere-lower-stratosphere temperature gradient. The mean response is comparable in the three datasets; ozone has chiefly caused the poleward shift observed in recent decades, while ozone and greenhouse gases largely offset each other in the future.
Introduction
Significant trends in the atmospheric circulation have been observed in the Southern Hemisphere during austral summer in recent decades (e.g., Thompson et al. 2011) . The extratropical jet, or jet stream, has shifted poleward (Marshall 2003) , accompanied by an expansion of the Hadley cell (Seidel and Randel 2007) and a redistribution of precipitation associated with the shift in the subtropical dry zone and storm track (Kang et al. 2011) . Measurements of passive tracers in the Southern Ocean suggest increased ventilation of deep water, the expected oceanic response to an increased wind stress over the Southern Ocean associated with the jet shift .
The poleward shift of jet stream and Hadley cell in austral summer have been attributed chiefly to the impact of stratospheric ozone loss (e.g., Polvani et al. 2011) . The Antarctic ozone hole forms each spring, with peak depletion observed in October (Farman et al. 1985) . The loss of ozone leads to anomalous cooling, appearing first in the upper stratosphere where radiative time scales are comparatively faster and descending to the tropopause by November and December. Thompson and Solomon (2002) show that this cooling and the associated fall in geopotential height in the stratosphere leads to a drop in tropospheric height over the pole in December: a poleward shift in the jet stream. A modeling study by Gillett and Thompson (2003) confirmed that the tropospheric response was associated with stratospheric cooling.
It is also known that increasing greenhouse gases tend to shift the circulation poleward (e.g., Yin 2005; Butler et al. 2010) . While greenhouse gases exhibit little seasonal cycle, Kushner et al. (2001) found that the largest response of the jet in a double CO 2 experiment was observed in austral summer. A growing body of evidence, however, indicates that the response of the jet stream in recent decades has been dominated by ozone. Chemistry-climate models with prognostic stratospheric chemistry to predict ozone changes (Perlwitz et al. 2008; McLandress et al. 2011) , atmospheric models with prescribed ozone (Arblaster and Meehl 2006; Polvani et al. 2011) , and multimodel datasets (Son et al. 2008 (Son et al. , 2010 consistently show that ozone loss has dominated the summertime response. Based on nonlinear analysis with self-organizing maps (SOMs), Lee and Feldstein (2013) find further evidence for the dominance of ozone based on the reanalysis record.
In this study, we construct a simple framework to relate changes in the Southern Hemisphere circulation to changes in temperature in the polar stratosphere and tropical upper troposphere driven by ozone and greenhouse gases, respectively. The simple model builds on the findings of Arblaster et al. (2011) and Wilcox et al. (2012) that trends in the austral jet stream in coupled climate models are closely linked to changes in the temperature gradients in the upper troposphere and lower stratosphere. Our framework allows us to partition the response of the jet stream and Hadley cell to ozone and greenhouse gases in each individual model from phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3 and CMIP5) and Chemistry-Climate Model Validation activity 2 (CCMVal2) datasets.
We find that multimodel mean response is fairly uniform across all three datasets. Consistent with previous studies, ozone loss has dominated the response in the twentieth century, and both forcings tend to cancel each other out in the twenty-first century, although greenhouse gases begin to dominate in high emission scenarios. The multimodel mean trends, however, hide a significant degree of spread in model projections. The simple framework allows us to separate differences in the circulation trends resulting from 1) differences in the temperature trends and 2) differences in the models' dynamical response to temperature changes. For the CMIP5 models, we can also estimate the impact of natural variability.
The first source of uncertainty includes uncertainties in future emissions and ozone recovery and differences in climate sensitivity: how much will the world warm in response to greenhouse gas changes, or, in the case of ozone, how much will the stratosphere cool or warm in response to ozone loss or recovery? Overall, we find that differences in ozone related temperature trends in the lower polar stratosphere play a larger role in the intermodel spread in circulation trends than differences in warming trends in the tropical troposphere related to greenhouse gas changes. Reducing uncertainty in climate sensitivity will help reduce the spread in circulation trends, particularly if we follow a high greenhouse gas emissions scenario, but efforts to better constrain the recovery of ozone could potentially have a larger impact on reducing the spread in projections.
A second source of model spread is distinct from the upper-troposphere-lower-stratosphere temperature trends; even if we knew the gross thermodynamic response of the atmosphere to anthropogenic forcing, models would not agree on the circulation response. To differentiate this source of uncertainty from the impact of climate sensitivity, we term this source of model spread a ''circulation sensitivity.'' Our framework suggests that these differences in the large-scale circulation response contribute equally to intermodel spread as differences in the thermal forcing.
We detail the datasets and develop our simple attribution framework in sections 2 and 3. The framework can be equally applied to the jet stream or the Hadley cell, and we focus on the jet stream, presenting the results in section 4. Section 5 then explores the origin behind the spread in model projections in greater detail. We discuss the relationship between jet stream trends and the expansion of the Hadley cell in section 6 and summarize and discuss the implications our study in section 7.
Datasets
Output was obtained from 55 models that participated in three multimodel intercomparison projects, as listed in Tables 1-3 . The CMIP3 (Meehl et al. 2007) and CMIP5 (Taylor et al. 2012 ) models are coupled atmosphere-ocean climate models. Except for three models in the CMIP5, these models do not simulate stratospheric ozone chemistry, and hence stratospheric ozone was prescribed. The concentrations of carbon dioxide and other greenhouse gases are also specified. The twentieth-century CMIP3 and CMIP5 integrations were forced with the twentieth-century climate simulation (20C3M) and historical scenarios, respectively, which are based on past observations. For the future, we consider A1B scenario integrations from the CMIP3 models (a ''middle of the road'' future with only modest efforts to curtain greenhouse gases) and the representative concentration pathway 4.5 and 8.5 (RCP4.5 and RCP8.5) scenarios integrations from the CMIP5, where the total greenhouse gas radiative forcing reaches 4.5 and 8.5 W m 22 by the end of the century. These pathways fall on both sides of the A1B scenario, characterizing a future with more substantial efforts to curtail emissions or little effort at all, and so allow us to characterize the impact of uncertainty in future emissions. Models from the CCMVal2 (Eyring et al. 2010 ) simulate stratospheric chemistry, allowing them to predict stratospheric ozone concentrations based on specified mixing ratios of chlorofluorocarbons and other ozone depleting substances. In general they have better resolution and representation of stratospheric processes than the CMIP models, although roughly half of the CMIP5 models have sought to include a well-represented stratosphere (Charlton-Perez et al. 2013) . With the exception of CMAM, however, the CCMVal2 models do not include a dynamic ocean. Observed sea surface temperatures (SSTs) are used to drive the historical simulations (REF-B1), while SSTs taken from a related coupled climate model simulation are used to drive the future scenario integrations (REF-B2). Carbon dioxide and other greenhouse gases are the same as those in the A1B scenario for the CMIP3 models, but it is important to stress that the specified SSTs highly constrain the warming response of these models.
As discussed by Son et al. (2010) , not all CMIP3 models included time-varying ozone. Only the 10 models with time-varying ozone are used in this study (except for the calculations shown in Figs. 1 and A1 ). The ozone concentrations that they used, however, were not archived. Eyring et al. (2013) investigate the treatment of ozone in the CMIP5 models. As listed in Table 3 , roughly half used a zonal mean stratospheric ozone dataset developed through a joint effort of the International Global Atmospheric Chemistry (IGAC) and StratosphereTroposphere Processes and their Role in Climate (SPARC) activities (Cionni et al. 2011 ) or a slight modification thereof to allow for a solar cycle in the future. The other modeling groups made different choices, some basing their ozone concentrations on a related chemistry-climate model, and three simulated interactive ozone chemistry.
A simple framework to assess the circulation response to anthropogenic forcing
It is well established that gradients in temperature and moisture between the tropics and polar regions drive the TABLE 1. The CMIP3 integrations assessed in this study. Models with fixed and time-varying ozone were partitioned as in Son et al. (2010) , and models that prescribed time-varying ozone only in the historical period were omitted. Single integrations were obtained from the models with fixed ozone, but all ensemble members available in the data archive were analyzed for the models with time-varying ozone, with the number indicated in columns 4 and 5. large-scale atmospheric circulation (e.g., Lorenz 1967). Wilcox et al. (2012) found that austral jet trends in CMIP5 models are linked to changes in temperature gradients in the upper troposphere-lower stratosphere. Greenhouse gases and ozone can impact the large-scale circulation by altering these gradients. In particular, Butler et al. (2010) simulated changes in the large-scale circulation in response to greenhouse gas increases by warming the tropical upper troposphere in a simplified general circulation model (GCM). They found that the expansion of the Hadley cells and extratropical jets could be modeled with some quantitative accuracy, as compared with comprehensive models (see also Wang et al. 2012) . Likewise, Polvani and Kushner (2002) captured the impact of ozone loss in a simple GCM by prescribing a cooling of the stratospheric polar vortex. Figure 1 shows November-January (NDJ) temperature changes simulated by CMIP3 climate models over the periods 1960-99 and 2000-79 . The season and intervals were chosen to highlight the impact of ozone loss and recovery. Ozone's influence is evident by comparing the top panels, based on eight models with fixed ozone, and the lower panels, based on 10 models with prescribed, time-varying ozone. In the late twentieth century, models with time-varying ozone exhibit cooling in excess of 108C over the South Pole at 100 hPa (Fig. 1c) . While increased greenhouse gases cool the stratosphere at upper levels, we can attribute the cooling at 100 hPa to ozone by comparing this against the models with fixed ozone (Fig. 1a) , where there is little trend at this elevation. Temperatures over the polar cap nearly recover over the next eight decades in the models with timevarying ozone (Fig. 1d) , in contrast to weak cooling trends in models with fixed ozone (Fig. 1b) . This suggest that greenhouse gases have a minimal impact on this region of the stratosphere, allowing us to quantify the ozone impact by the polar cap average (648-908S) temperature change at 100 hPa (white boxes in Figs. 1c,d ), which we denote DT polar .
The impact of greenhouse gases on temperature gradients in the upper troposphere is also evident in Fig. 1 , with peak warming in the tropics just below the tropopause near 200 hPa. Their influence is more evident in the twenty-first-century interval: this is due to both the exponential increase of CO 2 in the A1B scenario and the fact that this period is twice as long as the twentiethcentury period. We use a longer period because it takes longer for ozone to recover than it did to destroy it, despite the success of the Montreal protocol in stopping chlorofluorocarbon emissions (e.g., Eyring et al. 2010) . We quantify the impact of greenhouse gas forcing on the temperature changes at 200 hPa, averaged from 308S to 308N (black boxes in Figs. 1c,d ), which we denote DT trop . Arblaster et al. (2011) show that upper-tropospheric temperature trends are highly correlated with overall surface warming, so that variations in DT trop in models forced by the same emissions reflect differences in the climate sensitivity.
Our idea is to relate the jet stream (or, equivalently, the Hadley cell) response to changes in temperature driven by ozone and greenhouse gases. Focusing on the jet stream, we quantify changes by the latitudinal shift in the 850-hPa zonal wind maximum DU lat during December-February (DJF). A shift in the jet stream projects strongly onto the southern annular mode (SAM), and changes could equivalently be quantified as a shift in the SAM index, as in other studies (e.g., Arblaster and Meehl 2006) . We then assume a linear relationship between changes in temperature and the jet, DU lat 5 r polar DT polar 1 r trop DT trop .
(1)
The goal is to determine the regression coefficients r polar and r trop , which quantify the sensitivity of the jet stream to changes in polar and tropical temperatures. They will in turn allow us to partition trends in the jet associated with changes in ozone and greenhouse gases. To solve the linear system (1), trends over at least two periods are needed to determine the regression coefficients. Clearly, if short intervals were sampled, the results would be overwhelmed by interval variability. In addition, if the trends are not substantially different between the two periods, the system is ill conditioned and overly sensitive to noise in the data. We therefore focus on the two periods shown in Fig. 1 where the signals in ozone and greenhouse gases (GHG) are fairly orthogonal: 1960-99, where ozone is depleted and GHG are increasing, and 2000-79, where ozone is projected to recover and GHG continue to climb. For the CMIP5 models, we use the period 2007-79, to avoid interpolating between the historical and future scenarios.
We also optimized the seasonal timing of the temperature and jet shift signals. Thompson and Solomon (2002) found that the tropospheric response to stratospheric ozone changes lags changes in the stratosphere by about 1 month, and Son et al. (2010) found a similar lag in CCMVal2 models. To account for this lag and for slight differences in the formation of the ozone hole in different models, DT polar is averaged over the months from October to January (ONDJ). The DT trop and DU lat are based on averages over the austral summer (DJF), as there is no known lag between tropical temperatures and the circulation. The results are essentially unchanged, however, if we alter the seasonal timing slightly: for example, measuring all temperatures in NDJ. Table 1 , and regions of missing data are masked in gray.
To minimize the impact of natural variability, we average the trends from all available ensemble integrations for each climate model. For each CCMVal2 and CMIP3 model, this gives us one mean trend in DU lat , DT polar , and DT trop for the late twentieth century and likewise for the twenty-first-century period of ozone recovery. From these six values we solve (1) exactly, obtaining r polar and r trop for each model. For the CMIP5 models, we collect ensemble mean trends from the three scenarios (historical, RCP4.5, and RCP8.5), making the system overdetermined. We therefore apply multiple linear regression to find the optimal coefficients.
The additional information for the CMIP5 models also allows us to test the robustness of the simple framework: how do the regression coefficients change if we remove one of the scenarios? We can solve (1) exactly if we keep just two of the CMIP5 scenarios. If we remove either the RCP4.5 or RCP8.5 integration, the values of r polar are essentially unchanged. The multimodel mean value of r trop is also very robust, and individual model values are unchanged if we remove the RCP4.5 data. The intermodel standard deviation in r trop increases by about 50%, however, if we remove the RCP8.5 integrations. This suggests that the coefficients of r trop are more constrained by the RCP8.5 integrations, where the global warming signal in the tropics is stronger. With the weaker warming in the RCP4.5, the decrease in the signal to noise ratio leads to more scatter in the estimate of r trop but no systematic bias. If we instead remove the historical integrations, however, and try to fit the coefficients from the RCP4.5 and RCP8.5 integrations alone, the linear system becomes ill conditioned. The ozone signal is essentially the same in both cases, and the regression coefficients begin to vary wildly from model to model.
Partitioning the jet response to ozone and greenhouse gas forcing
The regression coefficients r polar and r trop for each of the models are shown in Fig. 2 . With just two exceptions, r polar is positive: cooling of the polar stratosphere is associated with a poleward shift in the jet stream. As detailed in section 4b, the model with a large negative coefficient, model 29 (FIO-ESM), may not have properly specified ozone trends. Removing this model, the average amplitude of r polar is 0.208 K 21 , with a standard error of 0.118 K 21 : a 1-K cooling of the lower stratosphere over the polar cap is associated with roughly a 0.28 6 0.18 poleward shift of the jet. As shown more clearly in Fig. 3a , the amplitude of r polar is overall larger in the CCMVal2 models. While this difference is not significant in terms of intermodel variability, the higher degree of sensitivity in the models with interactive ozone is consistent with the fact that models exhibit a larger tropospheric response to zonally asymmetric ozone anomalies, as compared to zonally symmetric anomalies of the same strength (e.g., Crook et al. 2008; Waugh et al. 2009 ).
With only a single exception, r trop is negative: nearly all models associate tropical warming with a poleward shift in the jet stream. The average amplitude is 20.328 K 21 with a standard error of 0.168 K 21 : warming the tropics by 1 K shifts the jet roughly 0.38 poleward. That r trop ' 2r polar indicates that the jet stream is comparably sensitive to cooling in the lower stratosphere or warming in the upper tropical troposphere: the temperature gradient in the upper troposphere-lower stratosphere appears to control the jet position.
a. The multimodel mean picture
Given the temperature trends, the regression coefficients allow us to partition the jet shift into portions associated with polar cooling (r polar DT polar ) and tropical warming (r trop DT trop ). Figure 3b shows the multimodel mean temperature trends over the period of ozone loss for each dataset. As we saw in Fig. 1 , ozone-induced cooling of the polar stratosphere is nearly 2 K decade 21 over this period, nearly an order of magnitude stronger than the modest (albeit significant) warming of the tropical upper troposphere by about a 1 /4 K decade 21 .
Since the regression coefficients indicate that the jet is about equally sensitive to polar cooling or tropical warming, the trends in the jet stream DU lat , shown in Fig.  3c , are dominated by the ozone signal. The analysis suggests that the majority of the poleward jet shift, greater than 75% in the multimodel mean of each dataset, is associated with cooling of the polar stratosphere. This supports the conclusions of individual models where the ozone and greenhouse forcings were explicitly separated (e.g., Perlwitz et al. 2008; Polvani et al. 2011; McLandress et al. 2011) . A more recent study based on pattern analysis of zonal wind trends by Lee and Feldstein (2013) estimated that ozone contributed to three-fifths of the jet shift, less than our estimate. We were thus concerned that our method might overestimate the jet shift associated with ozone, particularly if greenhouse gas-induced cooling of the stratosphere aliases into DT polar . We therefore explored polar stratospheric temperature changes in CMIP3 models with fixed ozone, as described in the appendix, and concluded that aliasing does not explain the difference. Briefly, we find that the polar stratosphere at 100 hPa tends to cool only a small amount in response to greenhouse gas increase, and this cooling is not significantly correlated with the strength of the tropical warming. Moreover, models with enhanced tropical warming exhibit less polar cooling. Thus, an effort to account for links between DT trop and DT polar by regression would tend to amplify the ozone-induced response.
The CCMVal2 models in aggregate simulate a larger jet shift over the period of ozone loss, albeit not significantly given large intermodel spread. In comparison with the CMIP3 models, this difference can be attributed to enhanced sensitivity to stratospheric temperatures-larger values of r polar -as the zonal mean cooling of the stratosphere is nearly identical. The jet response is further weakened in the CMIP5 models, but here it can be attributed to both weaker cooling of the polar stratosphere and smaller values of r polar .
As established by Son et al. (2008 Son et al. ( , 2010 for the CMIP3, CCMVal1, and CCMVal2 models, the austral summer jet stream hardly moves during the period of ozone recovery (Fig. 3e) . We find this to be the case in the CMIP5 RCP4.5 integrations models as well, but in the RCP8.5 integrations the jet shifts farther poleward, albeit more slowly than in the late twentieth century, as shown by Barnes et al. (2014) .
The difference can be interpreted in terms of the temperature trends. Ozone recovery leads to a warming of the stratosphere (Fig. 3d) , which by itself would tend to shift the jet stream equatorward. In this sense, the healing of the ozone hole seeks to undo the poleward shift driven during the period of ozone loss. Greenhouse gases, however, drive stronger warming in the future, pushing the jet poleward. In the CCMVal2, CMIP3, and CMIP5 RCP4.5 simulations, these effects cancel out and there is little net change. In the RCP4.5 integrations, there is less warming associated with ozone recovery but also less tropical warming, because of the weaker greenhouse gas forcing in this scenario, and so the same impact on the equator-to-pole temperature gradient. In the CMIP5 RCP8.5 integrations, however, the stronger greenhouse gas forcing leads to significantly more warming in the tropics (nearly double that seen in the RCP4.5, consistent with the near doubling of the radiative forcing). This dominates the warming associated with ozone recovery: the equator-to-pole temperature gradient increases and the jet shifts poleward.
b. Individual model results
Results for each model separately are shown in Figs. 4-8 . For the period of ozone loss, the jet shifts in the CMIP3 and CCMVal2 models are uniformly dominated by ozone-induced cooling of the polar stratosphere. More than two-thirds of the jet shift is associated with polar cooling in every single model, as seen in Figs. 4c,d . As with the multimodel mean, this is because the ozone cooling is substantially larger than tropical warming in every single model (Figs. 4a,b) .
Trends from the twenty-first-century CMIP3 and CCMVal2 scenario integrations (Fig. 5 ) reveal a range of poleward and equatorward jet shifts. Accumulated over eight decades, these differences lead to a spread of approximately 38 in the jet shift. The CMIP3 trends in Figs. 5a,c suggest that differences in temperature trends can explain much of this spread. In models where ozone recovery drives a strong warming of the stratosphere in comparison to greenhouse gas-induced warming of the tropics (e.g., models 8 and 9), the jet shifts equatorward. In models where greenhouse gas-induced warming of the tropics dominates the warming of the stratosphere (e.g., models 2, 3, 5, 6, and 10), the jet shifts poleward. Note also that these differences are associated mostly with differences in stratospheric trends: while tropical warming varies by about a factor of 2 in the tropics, trends in the polar stratosphere vary by a factor of 10, from about 0.15 to 1.5 K decade 21 . This suggests that uncertainty in the thermal response to ozone recovery is a key source of model spread. The situation is a bit muddier for the CMIP5 models. During the period of ozone loss (Fig. 6) , polar cooling associated with ozone loss dominates the jet shift in 23 of the 27 models. In one other, model 45 (MPI-ESM-MR), ozone and greenhouse gases appear to have equal impact on the jet shift. Model 29 (FIO-ESM) is highly anomalous in that the stratosphere appears to warm during the period of ozone loss and then cool in the future (Figs. 7 and 8) . The model behaves more like the CMIP3 model with fixed ozone, which suggests that ozone loss and recovery may not have been properly prescribed. We therefore omit this model from all further analyses in this study. In models 35 (HadGEM2-ES) and 46 (MRI-CGCM3), the jet shifts weakly poleward over the period of ozone loss and then more strongly poleward in the future (Figs. 7 and 8) . Hence, the regression analysis indicates that polar stratospheric cooling or warming has almost no effect on jet position, as manifested by near-zero values of r polar in Fig. 2 .
Projections of future temperature and jet trends for the individual CMIP5 models are shown for the RCP4.5 and RCP8.5 scenarios in Figs. 7 and 8. The use of two scenarios allows us to assess uncertainty in the future emissions, and as a result the spread in future jet shifts increases relative to the CMIP3 or CCMVal2 models with a single emissions pathway. In the RCP4.5 projections, there is greater overall variance in jet trends associated with polar cooling: the standard deviation of r polar DT polar is 0.088 decade
21
, compared to 0.068 decade 21 for the jet shift associated with tropical warming, r trop DT trop . In the RCP8.5 projections, the roles reverse. Polar cooling trends are associated with a comparable fraction of the variance, with a standard deviation of 0.088 decade
, but the variability associated with tropical warming doubles to 0.148 decade
. This motivates us to more carefully assess the sources of uncertainty, separating the influence of spread in the temperature trends from spread in the regression coefficients.
Quantifying sources of spread in jet projections
Two case studies of individual model integrations in Fig. 9 suggest multiple sources of spread in the CMIP5 model projections. The first comparison (Figs. 9a-c) highlights the impact of the polar stratosphere. We show projections from the two models with the most extreme equatorward and poleward jet shifts in the RCP4.5 dataset (Fig. 7b) : GFDL CM3 (model 30) and IPSL-CM5A-MR (model 39). Figure 9a shows the jet position as a function of time for the two models, revealing a split of almost 58 over the period of 2007-79. The models do not even agree on the sign of the response: the jet shifts equatorward in the GFDL CM3 and poleward in IPSL-CM5A-MR.
Their global warming signal in the tropics, however, is nearly identical (Fig. 9b) . Both models project a warming of approximately 4 K by 2080, suggesting that differences in climate sensitivity are not responsible for the divergence of the jet trends. The y axis is inverted to reflect the fact that the jet position in negatively correlated with tropical temperatures; if this were the only forcing, we would expect the jet to shift poleward. Figure 9c , however, reveals that the difference in polar stratospheric temperatures can explain the opposing jet trends. GFDL CM3, which interactively simulates stratospheric ozone, projects an 11-K warming of the polar stratosphere, in contrast to the modest 2-K warming projected by IPSL-CM5A-MR. Because of these differences in ozone related temperature trends, the gross equator-to-pole temperature difference in the upper troposphere-lower stratosphere decreases in the GFDL model (4 2 11 5 27 K) and increases in the IPSL model (4 2 2 5 12 K) leading to opposite trends in the jet stream.
The regression coefficients (listed in Figs. 9b,c) allow us to tell a more complete story. In addition to the large difference in polar forcing, IPSL-CMRA-MR is more sensitive to tropical warming, with an r trop value double that found in GFDL CM3: 20.68 versus 20.38 K
21
. This suggests the jet would shift farther poleward in the IPSL-CMRA-MR, even if both models had exactly the same trends in polar temperatures.
The importance of differences in the sensitivity of the circulation to temperature changes is highlighted in a second case study in Figs. 9d-f. Here two integrations with divergent trends in the CMIP5 RCP8.5 scenario are shown. The jet barely moves in MIROC-ESM-CHEM (model 41), while it shifts poleward by almost 58 in IPSL-CM5A-MR. This time, however, there is little difference between these models in the temperature trends in the tropics (Fig. 9e) or over the pole (Fig. 9f) . Rather, the divergence in jet trends arises from differences in the dynamical response to the temperature trends, which is captured by the regression coefficients in our linear regression analysis. For these two models, it is the sensitivity to tropical temperatures, quantified by r trop , that matters most. The regression analysis suggests that IPSL-CM5A-MR is almost eightfold more sensitive to tropical temperature changes than MIROC-ESM-CHEM. a. Uncertainty in the jet shift due to spread in the temperature response to anthropogenic forcing
The case studies provide anecdotal evidence that differences in temperature trends contribute significantly to intermodel spread. Figure 10 plots the jet trends DU lat as a function of DT trop and DT polar for all of the twenty-first-century model projections. Figure 10a suggests that the degree of tropical warming in a model is a modest predictor of its austral summer jet trend. The shift DU lat is 20.45 correlated with DT trop across all the integrations, indicating that R 2 ' 20% of the variance in jet projections is associated with differences in tropical warming. As shown in Fig. 11 , differences in DT trop are a comparable predictor of the variance in jet trends in the twentieth-century integrations as well, again associated with about 20% of the spread.
The variance in future tropical temperature trends DT trop in Fig. 10a arises from both uncertainty in future greenhouse gas emissions and differences in models' climate sensitivity. The impact of uncertainty in the emissions alone can be assessed by comparing the RCP4.5 and RCP8.5 integrations; these are the exact same models forced with different emissions. As shown in Fig. 3e , under strong forcing in the RCP8.5 scenario, DU lat 5 20.168 6 0.158 decade
, compared to 20.058 6 0.148 decade 21 in the RCP4.5. The impact of a near doubling of greenhouse emissions on the jet trends is comparable to the standard deviation in trends across models forced by the same emissions. We can control for uncertainty in the emissions by exploring the spread of models within the individual scenarios, indicated by the different markers in Fig. 10a . We find that the importance of climate sensitivity, manifested as differences in upper-troposphere temperatures, depends on the strength of the greenhouse gas loading. In the CMIP5 RCP4.5 integrations, the correlation between DT trop and DU lat (R 5 0.18) is not statistically significant. Thus, differences in uppertropospheric temperatures are associated with a trivial fraction of the variance, as highlighted in Fig. 12 . When the greenhouse emissions are amplified in the RCP8.5 scenario, however, DT trop becomes robustly correlated with DU lat , and differences in the climate sensitivity are associated with almost 30% of the intermodel spread. These results support the findings of Arblaster et al. (2011) and Watson et al. (2012) , who showed that models with a larger climate sensitivity project a more poleward shift in the austral jet stream in response to greenhouse gas forcing. We add the caveat, however, that this effect can be overwhelmed by other sources of spread, especially with relatively weak emissions, as in the RCP4.5 scenario integrations. Even under the stronger RCP8.5 scenario, it can explain at best 30% of the spread in circulation trends.
We thus turn to differences in polar stratospheric temperatures, shown in Fig. 10b , and find them to be, overall, a stronger predictor of model spread. The correlation between DT polar and DU lat across all integrations is 0.62, suggesting that nearly 40% of the variance in future projections is associated with differences in temperature trends driven by ozone recovery. Analysis of the late-twentieth-century integrations yields a similar relationship (Fig. 11) .
The overall dominance of the polar temperature signal over tropical temperatures can be traced back to the fact that the regression coefficients r polar and r trop are roughly of equivalent amplitude; modifying the gross equator-to-pole temperature difference from either side has a comparable impact on the jet. As seen in Fig. 10 Fig. 12 . In the RCP8.5 integrations, uncertainty in climate sensitivity leads to greater variance in DT trop relative to DT polar , and the former becomes the stronger predictor of jet trends. Spread in DT polar may stem from uncertainty in the ozone forcing and/or differences in the thermodynamic response to the ozone changes. Analysis of the CMIP5 models suggests that the former may matter the most, particularly in the future projections. As listed in Table  3 , roughly half of the models used the standardized Cionni et al. (2011) ozone dataset or a slight modification thereof to include a solar cycle in the future (Eyring et al. 2013) . Based on all the RCP4.5 and RCP8.5 integrations, the standard deviation in DT polar is more than double in the models that used their own ozone forcing compared to models with the standard ozone forcing: 0.37 versus 0.15 K decade 21 . The mean warming trend associated with ozone recovery, however, is nearly identical in both groups: 0.42 and 0.43 K decade 21 , respectively. This suggests that differences in the treatment of ozone inflate the model spread but may not systematically bias the projections. The standard deviation in DT polar in the twenty-firstcentury CMIP3 and CCMVal2 models is 0.41 K decade 21 , comparable to the spread in the CMIP5 models with nonstandard ozone forcing. Polar stratospheric temperature trends were strongly correlated with jet trends in these datasets as well, particularly the CMIP3 models (Fig. 10b) . Clearly, a firmer knowledge of the future ozone trends will help reduce the uncertainty in future jet projections.
Taken together, however, differences in both the polar stratospheric and upper-tropospheric temperatures can at best explain half of the spread between models in both the twentieth-and twenty-first-century integrations (Fig. 11) . This suggests that reducing the uncertainty in the thermal response to ozone and greenhouse gases may only halve uncertainty in projected summer circulation trends in the Southern Hemisphere.
b. Uncertainty in the jet shift due to spread in the circulation sensitivity to temperature forcing Another source of model spread was highlighted in the second case study in Fig. 9 : models with comparable temperature signals (i.e., similar ozone recovery and climate sensitivity) can project very different circulation trends. We describe the circulation response to a given temperature perturbation as a circulation sensitivity, to differentiate it from uncertainty in the temperature trends associated with differences in climate sensitivity and uncertainty in future emissions. The regression coefficients r trop and r polar provide a useful means to quantify the circulation sensitivity of a model.
Overall, models that are more sensitive to tropical temperatures (i.e., with more negative values of r trop ) tend to be more sensitive to polar temperatures, exhibiting larger (more positive) values of r polar . The relationship is modest [corr(r trop , r polar ) 5 20.32] but significant at the 95% confidence level. There is greater spread in the values of r trop , with a standard deviation of 0.168 K 21 across all models, compared to 0.118 K 21 for r polar . The impact of the variance in the circulation sensitivities on the spread in jet shift projections, however, depends on the temperature forcing, as seen in the correlation between the jet stream trends DU lat and the regression coefficients r trop and r polar in Fig. 11 . In the historical period, a large fraction of model spread is associated with uncertainty in the sensitivity of the jet to lower-stratospheric cooling over the pole. The 20.61 correlation between r polar and DU lat indicates that the jet moves farther poleward in models that are more sensitive to stratospheric temperature trends and that differences in r polar are associated with almost 40% of the total spread in jet trends. Uncertainty in r trop , in comparison, is associated with only about 10% of the spread in jet trends.
In the period of ozone recovery, however, the roles are reversed. Uncertainty in r trop , the circulation sensitivity to FIG. 8 . As in Fig. 7 , but for the CMIP5 RCP8.5 scenario integrations.
tropical warming, becomes a larger source of model spread and is associated with almost a quarter of the variance in the jet shift projections. In comparison, correlation between r polar and DU lat is insignificant in the twenty-first-century integrations and hence associated with trivial fraction of the spread in jet projections.
The flip in importance of r polar and r trop from the past to future periods can be understood in the context of the forcings. The impact of each depends on the temperature trends: that is, jet trends DU lat associated with polar cooling are given by r polar DT polar . As shown in Fig. 3b , lower-stratospheric cooling associated with ozone loss is almost an order of magnitude larger than warming associated with greenhouse gas warming in the late twentieth century. Hence, uncertainty in the response to polar cooling dominates uncertainty in the response to tropical warming. In the future, however, lower-stratospheric warming associated with ozone recovery is approximately the same amplitude as warming of the tropics by greenhouse gases. As variability in r trop is larger than r polar , the former plays the dominant role in intermodel differences.
c. Additional sources of uncertainty in jet trends: Natural variability Deser et al. (2012) highlight the fact that circulation trends are inherently less certain than trends in temperatures, emphasizing the greater role of natural variability. We attempted to minimize the impact of variability by first averaging over all available ensemble members for each model, but many modeling groups were only able to submit one integration for archival. As can be seen in time series shown in Fig. 9 , natural variability is quite small for tropical temperatures, suggesting that the values for DT trop are robust, but could impact polar stratospheric temperatures DT polar and the jet trends DU lat .
The fact that the standard deviation in DT polar doubles in the CMIP5 models that used different ozone forcings suggests that a large fraction of the differences in the temperature trends is indeed forced. This is supported by a comparison of the CMIP3 models with time-varying ozone versus fixed ozone in the appendix, which shows that the spread in DT polar increases substantially in the simulations with varying ozone.
Natural variability in DU lat that is independent of polar or tropical temperatures would impact the regression coefficients r trop and r polar . For the CMIP5 models, the use of the multiple regression across the historical, RCP4.5, and RCP8.5 scenario integrations was employed to minimize the impact of natural variability. As discussed in section 3, the regression coefficients are more strongly constrained by the historical and RCP8.5 integrations, where the signals (temperature trends DT polar and DT trop ) are stronger.
To quantify the impact of natural variability, we consider the residual d, defined for each model and scenario integration as d 5 DU lat 2 r polar DT polar 2 r trop DT trop .
It quantifies the errors in the simple framework for evaluating the jet shifts and may characterize the impact of nonlinearity or natural variability unrelated to temperature trends. The multimodel mean residual is quite small for all scenarios, just 1% of the mean trends associated with polar cooling or tropical warming in the historical and RCP8.5 integrations and 5% of the mean trends in the RCP4.5. That there are little systematic biases in the linear framework suggests that nonlinearity is not a major source of error and that the residuals may largely reflect natural variability. Figure 12 shows that the residual is highly correlated with DU lat in the RCP4.5 integrations. It is associated with roughly 50% of the variance in jet trends and so is slightly more important than DT polar . In contrast, the residual is not significantly correlated with DU lat in the RCP8.5 integrations. The correlation between jet shifts and the residual is also trivial in the historical integrations (R 5 20.05) . This suggests that natural variability may play a substantial role in the intermodel spread in the weakly forced RCP4.5 integrations, while differences in the ozone and greenhouse gas signals dominate the noise in the historical and RCP8.5 scenario integrations. Consistent with the hypothesis, we find that the spread in jet trends is smallest in the RCP4.5 integrations.
The Hadley cell
Thus far, we have focused exclusively on the link between tropical and polar temperatures on the eddy driven jet stream. Son et al. (2009) showed that there is a strong linear relationship between shifts in the jet stream and expansion of the Hadley cell in the Southern Hemisphere in summer. Figure 13 is an update of their Fig. 2 , where we plot trends in the Hadley cell (defined by the latitude where the 500-hPa streamfunction crosses zero) as a function of trends in the jet stream. During the late twentieth century, the Hadley cell expands poleward during austral summer in nearly all models, while in the twenty-first century trends cluster about zero except for the RCP8.5 integrations, where it continues to expand poleward. There is a strong link between the trend in the jet and the trend in Hadley cell, with an overall correlation of R 5 0.80, which is highly statistically significant.
As explored in greater detail by Kang and Polvani (2011) , there is a 1:2 ratio between shifts in the Hadley cell and jet stream in austral summer: for every 18 that the jet stream shifts poleward, the HC expands FIG. 11 . Identifying the key drivers of the intermodel spread in jet shift trends. (a) The correlation of DU lat trends with DT trop , DT polar , r trop , and r polar across all models for the twentieth-century (black bars) and twenty-first-century (white bars) periods. One or two asterisks mark correlation significant at the 95% or 99% confidence level, respectively. (b) The fraction of the variance in the DU lat trends that can be associated with each parameter over the two time periods. These values are the squares of the correlations shown in (a) and tell us how much of the model spread is associated with variations of a single parameter. Fig. 11 , but focusing on the twenty-first-century CMIP5 RCP4.5 and RCP8.5 scenario integrations, denoted by blue and red bars, respectively. The rightmost bars characterize the spread associated with the residual d, described in detail in section 5c. approximately 1 /28. Regression analysis using DT polar , DT trop , and the Hadley cell trends leads to similar results, except that the regression coefficients are half as large, consistent with this ratio. For the sake of brevity we do not show all these calculations, but emphasize that the key conclusions from our analysis of jet stream trends apply to the Hadley cell as well. In particular, across all twenty-first-century CMIP3, CCMVal2, and CMIP5 integrations, spread in projections of the austral summer Hadley cell expansion is more strongly associated with differences in polar stratospheric temperature trends DT polar than tropical temperatures DT trop .
FIG. 12. As in

Summary and discussion
We have assessed changes in the summertime austral circulation over the periods of stratospheric ozone loss and its anticipated recovery in comprehensive climate models from the Chemistry-Climate Model Validation activity 2 (CCMVal2) and phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3 and CMIP5). Comparison of CMIP3 model integrations with fixed and time-varying ozone suggests that temperature trends in the lower polar stratosphere and upper tropical troposphere can be linked to changes in ozone and greenhouse gases, respectively. We developed a simple framework to connect shifts in the jet stream to these temperature trends, which allows us to partition the influence of stratospheric ozone and greenhouses gases on circulation trends and investigate sources of intermodel spread in the projections.
We find that the latitudes of the jet and Hadley cell boundary are sensitive to the temperature gradient between the tropics and high latitudes in the upper troposphere-lower stratosphere, supporting the findings of Arblaster et al. (2011) and Wilcox et al. (2012) . The circulation shifts poleward when the gradient is increased and appears comparably sensitive to temperature perturbations on either side. On average, a 1-K increase of the equator-to-pole temperature difference by greenhouse gas-induced warming of the tropical upper troposphere drives the jet stream 0.38 poleward. A 1-K decrease in the temperature difference associated with a warming of the polar lower stratosphere (as expected with ozone recovery) shifts it 0.28 equatorward. The Hadley cell responds similarly but with half the amplitude.
The mean response of the circulation is fairly consistent across each multimodel dataset, as summarized in Fig. 3 . From 1960 to 1999, models shift the austral jet poleward approximately 18-28. The bulk of the trend is driven by cooling of the polar stratosphere associated with ozone loss. Over the period of ozone recovery (2000-79 or 2007-79) , models project little change in the jet stream, because of cancellation between the effects of greenhouse gas emissions and stratospheric ozone recovery on the equator-to-pole temperature gradient. Under stronger greenhouse gas forcing in the CMIP5 RCP8.5 scenario, however, global warming tends to dominate ozone recovery and the jet shifts poleward, albeit more slowly than in the late twentieth century. These findings support the conclusions of previous studies based on individual models (Gillett and Thompson 2003; Arblaster and Meehl 2006; Perlwitz et al. 2008; Polvani et al. 2011; McLandress et al. 2011) ; multimodel datasets (Son et al. 2008 (Son et al. , 2010 Barnes et al. 2014) ; and, for the historic period, observations (Lee and Feldstein 2013) .
Over the period of ozone loss, the CCMVal2 models exhibit a stronger poleward shift of the jet. In comparison to the CMIP3 models, this difference cannot be attributed to differences in the temperature trends. Rather, these CCMVal2 models are more sensitive to polar cooling (i.e., exhibit larger coefficients r polar ), possibly because they capture the nonzonal structure of ozone loss, which has been shown to increase the sensitivity of the tropospheric jet (e.g., Crook et al. 2008; Waugh et al. 2009 ). The response is slightly weaker in the CMIP5 models and can be attributed to weaker cooling in the polar stratosphere and reduced sensitivity.
The consistency of the multimodel mean datasets may give a false sense of certainty; we cannot detect statistically significant differences between CCMVal2 and CMIP models largely because the intermodel spread is FIG. 13 . The relationship between DJF trends in the position of the jet stream (DU lat ) and the extent of the Hadley cell in the Southern Hemisphere. The dashed line marks the 1:2 trend ratio line, where Hadley cell trends are exactly half that of the jet stream trends. Circles and triangles denote twentieth-and twenty-first-century trends, and colors denote the different datasets. All correlations listed are statistically significant at the 99% confidence level. so great. Even over the past period, where the forcings are better constrained, models simulate a wide range of jet shifts: in one model the jet stream is essentially fixed, while in another it shifts nearly 58 poleward. In the future, the spread in model jet shift projections expands to almost 78, with one model moving the jet 28 equatorward and another shifting it 58 poleward.
Our simple framework suggests that roughly half of these intermodel differences are associated with uncertainty in the temperature response of the upper troposphere-lower stratosphere to anthropogenic forcing. Differences in the ozone driven temperature signal in the lower polar stratospheric are associated with approximately 35% of the total variance in future jet stream trends over the period of ozone recovery. In comparison, differences in greenhouse gas driven warming of the tropical upper troposphere are associated with roughly 20% of the spread in jet trends. Uncertainty in future temperature trends arises from both uncertainty in future atmospheric composition changes (emissions uncertainty and ozone chemistry) and the atmospheric response to these changes in composition (i.e., climate sensitivity).
The multimodel mean difference in jet trends between the CMIP5 RCP4.5 and RCP8.5 scenarios is comparable to the spread in jet trends within a given scenario, suggesting that both uncertainty in emissions and climate sensitivity matter. Our results support the conclusions of Arblaster et al. (2011) and Watson et al. (2012) that the jet shifts more poleward in models with greater climate sensitivity, but with the caveat that this effect may be overwhelmed by other differences until the greenhouse gas loading becomes sufficiently strong. In the RCP8.5 integrations, differences in tropical upper-troposphere warming (which is highly correlated with climate sensitivity) are associated with 30% of the spread in jet projections, while, in the RCP4.5, differences in warming have a trivial impact.
Overall, differences in the cooling or warming associated with ozone loss or recovery appear to be more influential than differences in tropical warming because of greater spread in lower polar stratospheric temperature trends. Much of the difference in the polar stratospheric temperature trends may be attributed to differences in ozone. The variance in polar stratospheric temperature trends is 6 times greater in models that use individualized ozone forcing (models with interactive chemistry or custom prescribed ozone) compared to the CMIP5 models using the standardized Cionni et al. (2011) ozone dataset.
In principle, observations of stratospheric ozone should constrain both past and future trends (in that the amplitude of ozone recovery is related to the initial loss), allowing one to reduce the uncertainty in polar stratospheric temperature trends. There are significant differences in observationally based datasets, however, related largely to choices in the regression model (Hassler et al. 2013) . This leads to differences in the estimate of ozone loss that can alter the total radiative forcing by a factor of 4 and suggests that further observations of stratospheric ozone could reduce uncertainty in future circulation trends.
The other half of intermodel spread in the circulation trends is independent of upper-troposphere-lowerstratosphere temperature gradients. To differentiate this uncertainty from radiative forcing, we call it a circulation sensitivity. Even if the climate sensitivity and the response of the stratosphere to ozone were known with absolute certainty, there would still be considerable spread in the circulation response. The circulation sensitivity can be quantified by the regression coefficients r trop and r polar . We find that there is greater intermodel spread in r trop . Thus, while there is greater uncertainty in polar trends DT polar compared to DT trop , overall the total spread in jet projections associated with ozone and greenhouse gases is comparable.
The spread in the circulation sensitivity may stem in part from differences in the spatial structure of warming, which are not accounted for in our simple framework. In particular, Tandon et al. (2013) suggest that warming in the subtropics may play a stronger role in jet trends. Uncertainty may also stem from problems in our ability to simulate large-scale dynamics. Kidston and Gerber (2010) and Barnes and Hartmann (2010) show that biases in the climatology and large-scale variability in climate models may be linked to their sensitivity to external forcing. Twenty-first-century jet shifts tend to be stronger in models with an equatorward bias of the jet stream in their historical simulations, and biases in the climatology are associated with enhanced persistence in the southern annular mode, reflecting stronger eddymean flow feedback. These biases were pretty extreme in some CCMVal2 models (Son et al. 2010 ) and could explain their heightened sensitivity.
It is also important to acknowledge that our simple framework based on upper-troposphere-lower-stratosphere temperatures may not properly account for the impacts of other processes that do not directly modify this temperature gradient. Changes in aerosols (Gillett et al. 2013) , tropical convection (Ceppi et al. 2013) , and clouds (Trenberth and Fasullo 2010) can impact jet trends, and uncertainties in these processes may lead to greater spread in the regression coefficients. Natural variability also contributes significantly to uncertainty in circulation trends, particularly in the more weakly forced RCP4.5 scenario integrations, where half of the variance in jet trends could not be captured by the regression model.
Our analysis of the jet stream response in comprehensive models has implications for understanding the mechanism(s) by which greenhouse gases and ozone changes affect the circulation. As reviewed in Gerber et al. (2012) and Garfinkel et al. (2013) , a number of mechanisms have been proposed to explain how a cooling of the stratosphere induces a change in the tropospheric jet stream. Most studies have viewed the response to tropical warming separately from the response to polar stratospheric cooling, with the former suggesting a baroclinic mechanism (e.g., Butler et al. 2011 ) and the latter suggesting a barotropic mechanism (e.g., Simpson et al. 2009 ). Our finding that the r polar ; 2r trop indicates that the jet response is qualitatively the same whether the upper-troposphere-lower-stratosphere temperature gradient is changed from the tropics or the high latitudes. This hints that a common mechanism may explain the response of the jet stream to both greenhouse gas and stratospheric ozone changes. Rivi ere (2011) focuses on the impact of upper-tropospheric temperature gradients on baroclinic instability and the resulting eddy momentum fluxes, providing a promising step in this direction. more correlated, particularly in the historic 20C3M integrations, but the correlation is positive and statistically insignificant. It is only when we compare the multimodel means for the past and future trends that we see the negative correlation between tropical warming and stratospheric cooling that we expected.
The spread in stratospheric cooling trends, particularly in the historic simulations, does suggest that natural variability will be more pronounced over the polar cap. Natural variability leads to a spread of 0.4 and 0.1 in the twentieth-and twenty-first-century simulations, respectively. Greater uncertainty in the earlier period is consistent with the shorter time period. This is substantially smaller than the spread in the simulations with time-varying ozone (0.8 and 0.4 for the two periods, respectively, as shown in Fig. 3) , suggesting that the differences in the forced integrations are primarily driven by differences in ozone forcing, particularly in the twenty-first-century period of ozone recovery.
It was suggested by Hu et al. (2011) that ozone recovery may impact tropospheric temperatures, raising the possibility that ozone trends could alias onto DT trop . We found little difference in tropospheric temperature trends in the CMIP3 models with fixed versus timevarying ozone, as shown in Fig. 1 , suggesting that the effect is fairly minor. In a more controlled study, McLandress et al. (2012) found that ozone had little impact on tropical tropospheric temperatures and that the differences observed by Hu et al. (2011) may rather reflect differences in climate sensitivity.
